Primary culture of human hepatocytes is a useful in vitro system to study the potential of drugs to induce cytochrome P450 (CYP) 1, 2) and to analyze the activity and regulation of drug uptake and efflux transporters. [3] [4] [5] Indeed, human hepatocytes exhibit the entire repertoire of hepatic drug-metabolizing enzymes, drug transporters and the genes for liver-specific functions. 6, 7) However, the expression of many proteins has been shown to decrease rapidly in cultured primary hepatocytes, with drug metabolizing enzymes being particularly sensitive.
Primary culture of human hepatocytes is a useful in vitro system to study the potential of drugs to induce cytochrome P450 (CYP) 1, 2) and to analyze the activity and regulation of drug uptake and efflux transporters. [3] [4] [5] Indeed, human hepatocytes exhibit the entire repertoire of hepatic drug-metabolizing enzymes, drug transporters and the genes for liver-specific functions. 6, 7) However, the expression of many proteins has been shown to decrease rapidly in cultured primary hepatocytes, with drug metabolizing enzymes being particularly sensitive. 8) Liver slices retain metabolic function longer than primary hepatocytes, 9) however drug metabolism decreases rapidly upon incubation, and the erratic supply of human liver tissue is a major problem.
The human hepatocyte cell line HepG2 is also a useful in vitro model for investigation of the metabolism and toxicity of drugs, as these cells retain many of the specialized functions which are characteristic of normal human hepatocytes and are easy to manipulate. 10, 11) However, the gene expression levels and activity of drug-metabolizing enzymes in this cell line are lower than in primary hepatocytes, [12] [13] [14] and induction of the CYP genes by inducers is not observed in HepG2 and other cell lines. 15, 16) Thus, a more functional culture system is required to obtain the usually high levels of activity and regulation ability of drug metabolizing systems.
Previously we reported the development of a culture surface produced using a thermo-responsive polymer, poly(Nisopropylacrylamide) (PIPAAm). 17, 18) Using this thermo-responsive surface, we assembled a layered co-culture system consisting of hepatic cells and sheets of endothelial cells, which allows for continuous expression of the differentiated functions of hepatocytes. In addition, expression of albumin and apolipoprotein A-1 increases 19) and numerous hepatocyte and endothelial cell functions increase in intensity upon a layered co-culture system. 20) We also reported that in a layered co-culture system with HepG2 cells and bovine pulmonary artery endothelial cells (BPAECs) forming a sheet, the gene expression levels of various CYP and other drugmetabolizing enzymes were significantly increased, compared with the monolayer cultured HepG2 cells, and were maintained at high levels for extended periods. 21) The present study analyzed the drug metabolism of this layered co-culture system. To study the induction of CYP expression by an inducer in the co-culture system, we analyzed the effect of phenobarbital treatment on CYP expression in the layered co-cultured HepG2 cells. The gene expression of CYP2C and CYP3A and activity of CYP3A4 were induced by phenobarbital in a concentration-dependent manner. Furthermore, the induction of hepatic drug transporters was detected in the layered co-cultured HepG2 cells. These results indicate that the functions of CYP and drug transporters are retained in the layered co-cultured cells, making it a useful model for drug metabolism analysis.
MATERIALS AND METHODS
Cells and Cell Culture M2 HepG2 cells 22) were cultured in Dulbecco's modified Eagle's medium (SigmaAldrich, St. Louis, MO, U.S.A.) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in a humidified atmosphere with 5% CO 2 . HepG2 cells were plated on type I collagen-coated plastic dishes (35 mm in diameter) (Iwaki, Tokyo, Japan) at a cell density of 1.0ϫ10 6 cells/dish. BPAECs were purchased from Cell Applications, Inc. (San Diego, CA, U.S.A.) and cultured in EBM medium supplemented with 5% fetal bovine serum, 12 mg/ml bovine brain extract, 1 mg/ml hydrocortisone, 10 ng/ml human epidermal growth factor, 50 mg/ml gentamycin, and 50 ng/ml amphotericin B using the EGM-MV BulletKit (Cambrex Bio Science Walkersville, Inc., Wakersville, MD, U.S.A.) at 37°C in a humidified atmosphere with 5% CO 2 and 95% air. BPAECs with 4-5 population-doubling levels were plated on PI- Fig. 1 ). HepG2 cells were cultured at 37°C until confluence and co-cultured with stratified BPAEC sheets. The 3-dimensional manipulation of the BPAEC sheets and assembly of the layered co-cultured cells were performed as previously described. [19] [20] [21] Briefly, BPAECs were plated on the UpCell dishes at a cell density of 1.0ϫ10 6 cells/dish and cultured for 1 week at 37°C. After removing the culture medium, a sheet of polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, U.S.A.) was placed over the BPAEC monolayer. The dishes were then moved to a CO 2 incubator at 20°C for 5 min, during which the BPAEC sheets detach spontaneously from the dish surfaces. The overlaid PVDF membrane, together with the BPAEC sheet, was peeled off the dishes and transferred onto a monolayer of HepG2 cells. After incubation at 37°C for 2 h, the PVDF membrane was removed from the BPAEC sheet using tweezers. The stratified sheets were then cultured in a mixture of EBM medium and Dulbecco's modified Eagle's medium (1 : 1, v/v ratio) at 2 ml of medium/dish.
Treatment of Cells with Phenobarbital Phenobarbital stock solutions were prepared in dimethyl sulfoxide (DMSO) and diluted directly into assay medium. The final DMSO concentration of 0.5% was maintained in all dilutions. The monolayer culture and layered co-cultured cells at 21 d after overlaying the BPAEC sheet onto HepG2 cells were treated with phenobarbital by replacing the medium in each dish with 2 ml of medium containing 0.5 or 1.0 mM of phenobarbital or DMSO control and incubated for 48 h.
RNA Isolation and cDNA Synthesis Total RNAs from mixture of HepG2 and BPAEC cells or HepG2 cells were extracted using RNAiso (Takara, Kyoto, Japan) according to the manufacturer's protocol and quantified by measuring absorbance at 260 nm; purity was assessed from the 260: 280 nm absorbance ratio. cDNA for real time polymerase chain reaction (PCR) was synthesized by reverse transcription of 4 mg of total RNA with random hexamer primers and Super Script II reverse transcriptase (Invitrogen, Carlsbad, CA, U.S.A.) according to the manufacturer's protocol.
Real-time PCR Using the SYBR Green I Method Real-time PCR was performed using an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Forster City, CA, U.S.A.). The standard reaction was performed in a 96-well plate and was composed of 10 ml of SYBR Premix Ex Taq TM II (Takara), 10 pmol each of the forward and reverse primers, 40 ng of HepG2 or BPAEC cDNA, and distilled water, to a final volume of 20 ml. To create a standard curve, a series of diluted standard plasmids, ranging from 1.8ϫ10 7 to 1.8ϫ10 3 copies/ml, was used instead of HepG2 or BPAEC cDNA and were amplified at the same time. The thermocycling conditions were 95°C for 10 s, following by 40 cycles of 95°C for 5 s and 60°C for 31 s.
Species-specific primers against a region of low-homology between human and bovine cDNA were designed using Primer Express Software (ver. 2.0, Applied Biosystems) ( Table 1) . Data were normalized to corresponding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene expression levels, and the mRNA expression levels are indicated as fold-induction.
Measurement of CYP3A4 Enzyme Activity CYP3A4 activity was measured in layered co-cultured cells and monolayer cells using the P450-Glo TM CYP3A4 Assay with Luciferin-PFBE (Promega, Madison, WI, U.S.A.). Luminogenic substrate for CYP3A4 was added to the layered co-cultured cells and monolayer cells and these cells were then incubated for 3 h. Luciferin detection reagent was added to each cell culture medium, and luminescence was read by a luminometer. The luminescence data were normalized against cell number for each cell culture dish.
Statistical Analysis Data are presented as meanϮstan-dard deviation (S.D.). Single group comparisons were evaluated using the Wilcoxon rank sum test. pϽ0.05 was regarded as significant.
RESULTS
HepG2 cells are useful for investigation of the metabolism and toxicity of drugs. 10, 11) However, induction of the CYP genes by inducers is not observed in HepG2 cells. 15 previously reported that in the layered co-cultured cells, consisting of a BPAEC sheet overlaid onto HepG2 cells, the gene expression levels of CYP2C9, CYP3A4 and CYP3A7 were significantly increased compared with monolayer cultured HepG2 cells. 21) The results suggested that our co-culture system would be suitable for drug metabolism analysis.
To perform further functional analysis of the co-culture system, we examined the effect of phenobarbital (0.5 or 1 mM) treatment on CYP gene expression in the layered co-cultured HepG2 cells by real-time PCR analysis using primers specific for human genes ( Figs. 2A-D) . Phenobarbital is known to induce the gene expression of CYP2C and CYP3A in human primary hepatocytes and liver slices. 23, 24) The primers used were designed from regions of low-homology between human and bovine cDNA to avoid cross-amplification of CYP2C9, CYP3A4, CYP3A7 and CYP4A11 ( Table  1) . The gene expression levels of CYP2C9, CYP3A4 and CYP3A7 in the layered co-cultured HepG2 cells after treatment with 1 mM phenobarbital were significantly higher than that observed in untreated cells (Figs. 2A-C) . Treatment of the layered co-cultured cells with 1 mM phenobarbital induced 3.4-, 5.3-and 6.8-fold increases in the gene expression levels of CYP2C9, CYP3A4 and CYP3A7, respectively. However, treatment of the monolayer cultured HepG2 cells with 0.5 or 1 mM phenobarbital did not cause significant increases in the gene expressions levels of CYP2C9 and CYP3A7, while the relative induction of CYP3A4 expression was lower than that observed in the layered co-cultured cells. CYP4A11 is not induced by phenobarbital in human liver slices. 25) There were no significant differences in relative induction of CYP4A11 gene expression between the layered co-culture and monolayer culture of HepG2 after treatment with 0.5 or 1 mM phenobarbital (Fig. 2D) . These findings indicate that the layered co-cultured HepG2 cells exhibit a profile of regulation of CYP genes close to that found in human primary hepatocytes and liver slices.
The measurement of enzyme activity is suitable for highthroughput analysis compared with measuring the gene expression levels during preclinical development. However, it is very difficult to measure the CYP activity in HepG2 cells, because CYP activity occurs at significantly low levels in HepG2 cells. 13) We previously reported that in the layered co-cultured HepG2 cells, the gene expression level of the CYP3A4 was about 100 times greater than monolayer cultured HepG2 cells. 21) In the present study, we measured the CYP3A4 activity in the layered co-cultured HepG2 cells. Figure 3 shows the relative CYP3A4 activity in the layered co-culture at 21 d after overlaying the BPAEC sheet onto hepatic HepG2 cells. Treatment with phenobarbital at 0.5 and 1 mM resulted in a 1.7-and 3.4-fold increase, respectively, in the CYP3A4 activity in the layered co-cultured cells. In our previous study, the CYP3A4 activity in the layered co-cultured cells increased 3.4-fold compared to that in the monolayer culture cells. 21) These results indicate that the increased expression of the cytochrome P450 mRNAs correlates with increased CYP enzyme activity.
In human primary hepatocytes and liver slices, transporter expression has been shown to be regulated by phenobarbital treatment. 21, 26) We examined the effects of phenobarbital treatment on hepatic transporter mRNA expression (Fig. 4) . The gene expression of the canalicular bile salt export pump (BSEP) in the layered co-cultured HepG2 cells after treatment with phenobarbital at 0.5 and 1 mM resulted in a 3.9-and 4.9-fold increase, respectively, compared with untreated cells. Treatment of the layered co-cultured cells with 1 mM phenobarbital induced a 3.2-fold increase in the gene expression level of the efflux transporter multidrug resistance-associated protein 2 (MRP2). However, in the monolayer cultured HepG2 cells treatment with 0.5 or 1 mM phenobarbital did not cause significant increases in the gene expression levels of BSEP or MRP2. The expression levels of MRP2 and BSEP genes were not significantly different between layered co-cultured and monolayer cultured HepG2 cells (data not shown). These results indicate that the layered co-cultured HepG2 cells exhibit a profile of regulation of drug transporters close to that found in human primary hepatocytes and liver slices.
DISCUSSION
Phenobarbital-mediated induction of drug metabolism enzymes mainly occurs via the nuclear receptors, constitutive androstane receptor (CAR) and pregnane X receptor (PXR). [27] [28] [29] CAR plays a role in the expression of CYP2C9 and could potentially play a role in phenobarbital inducibility in humans. 15) Phenobarbital has also been shown to induce the CYP3A4 gene expression through a CAR-and PXRmediated signaling pathway. CAR directly transactivates the CYP3A4 xenobiotic responsive element (ER6/DR3), which serves as a PXR/retinoid X receptor binding site. 27, 28, 30) At high concentrations, phenobarbital directly activates human PXR. 30, 31) The gene expression levels of CAR were not significantly different between phenobarbital treated layered cocultured and monolayer cultured HepG2 cells and the expression levels of PXR fell below the detection limit of the assay (data not shown). These results suggest that induction of CYP2C and CYP3A family genes by phenobarbital in layered co-cultured cells were not regulated by up-regulated basal expression of CAR and PXR mRNA. Takagi et al. reported that PXR protein level was not associated with PXR mRNA level in human livers. 32) Further research is needed to examine the relationship between induction of CYP genes and transcription factors in layered co-culture cells.
We detected CYP3A4 enzyme induction using the layered co-cultured HepG2 cells. Treatment with 1 mM phenobarbital resulted in a 3.4-fold increase in CYP3A4 activity (Fig. 3) . In human primary hepatocytes, the average magnitude of induction by phenobarbital (250 mM) on CYP3A4 activity was approximately 3.3-fold. 33) However, induction of CYP3A4 activity by phenobarbital was not detected in HepG2 cells. 13) These results indicate that in the layered co-culture system induction levels of CYP3A4 by phenobarbital were similar levels to that of in human primary hepatocytes. The measurement of enzyme activity is suitable for high-throughput analysis compared with measuring the gene expression.
Of the drug metabolizing enzymes, the hepatic transporters are now recognized as major players contributing to pharmacokinetics, drug-drug interactions and drug adverse effects, underlining the need for convenient cellular models to analyze drug-transporter interactions during preclinical evaluation of drug candidates. 34) In the present study, the gene expression of MRP2 was induced by phenobarbital treatment of the layered co-cultured cells (Fig. 4) ; this induction has also been detected in human primary hepatocytes and human liver slices upon phenobarbital treatment. 26, 35) The expression of BSEP was upregulated by phenobarbital in the layered co-cultured cells (Fig. 4) , and this result also corresponded to that in human liver slices. 35) These results suggest that in our layered co-cultured cells drug transporters are regulated in a functionally similar manner to that in human liver slices.
In the present study, we focused on phase I enzymes such as the CYP proteins and drug transporters. However, phase II enzymes are also important for drug metabolism. We previously showed in our layered co-culture system that the expression levels of some phase II enzyme genes, such as glutathione S-transferases and N-acetyltransferase, also increase. 21) In summary, our data demonstrate that the layered coculture system, consisting of a BPAEC sheet overlaid onto HepG2 cells, displays the expression of CYP genes, phase II enzyme genes and drug transporters. In addition, we detected CYP3A4 enzyme induction using this system. The layered co-culture system also retained functional regulation of the CYP and transporter gene pathway, and can serve as a useful model for in vitro pharmacological studies of the coordinated regulation of transport and metabolism. 
